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a  b  s  t  r  a  c  t
Since  the  introduction  of  travelling  wave  (T-Wave)-based  ion  mobility  in  2007  a  large  number  of  research
laboratories  have  embraced  the  technique,  particularly  those  working  in  the  ﬁeld of  structural  biology.
The  development  of  software  to  process  the  data  generated  from  this  technique,  however,  has  been
limited.  We  present  a novel  software  package  that  enables  the processing  of  T-Wave  ion  mobility  data.vailable online 6 October 2012
eywords:
on mobility mass spectrometry
ravelling wave ion mobility
oftware
The  program  can  deconvolute  components  in  a mass  spectrum  and  uses  this  information  to  extract
corresponding  arrival  time  distributions  (ATDs)  with  minimal  user  intervention.  It can  also  be used  to
automatically  create  a  collision  cross  section  (CCS)  calibration  and  apply  this  to  subsequent  ﬁles  of  inter-
est. A  number  of  applications  of  the  software,  and  how  it enhances  the  information  content  extracted
from  the  raw  data,  are  illustrated  using  model  proteins.ata processing
. Introduction
Ion mobility is a gas-phase technique that separates ions as they
ravel through a counter ﬂowing neutral target gas under the inﬂu-
nce of an applied electric ﬁeld. The time it takes an ion to traverse
he cell is related to its mass, charge, and the rotationally averaged
ollision cross section (CCS) of an ion [1–3]. Ion mobility coupled to
ass spectrometry (IM-MS) is a powerful analytical technique that
as initially only available in a few laboratories capable of build-
ng such specialised instruments. The primary means of performing
M-MS  separations was based on drift cell technology [4].
Shortly after the description of a commercial instrument that
as modiﬁed for IM-MS  measurements [5], the introduction of
ravelling wave (T-Wave) ion mobility separation [6], incorporated
n a commercial quadrupole time-of-ﬂight instrument (Synapt
DMS, Waters Corp.) [7], further popularised the technique. In
ddition to the high mass accuracy obtainable, the Synapt can be
sed to carry out ion mobility-tandem mass spectrometry exper-
ments by performing collision induced dissociation (CID) before
nd/or after the mobility cell. A second generation instrument,
he Synapt G2, was introduced in 2011 with an up to four-fold
ncrease in the T-Wave ion mobility resolution, as expressed in
erms of /  [8], where  is the rotationally averaged CCS.
nother attractive feature of the Synapt instruments is that they
an be modiﬁed for high mass operation by the incorporation of a
∗ Corresponding author. Tel.: +44 20 7679 2197; fax: +44 20 7679 7193.
E-mail address: k.thalassinos@ucl.ac.uk (K. Thalassinos).
387-3806/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijms.2012.09.005© 2012 Elsevier B.V. All rights reserved.
32 K quadrupole, allowing the selection and transmission of high
m/z species.
T-Wave ion mobility mass spectrometry (TWIM-MS) has so far
been used to study a number of synthetic and biological molecules
such as polymers [9–11], carbohydrates [12], peptides [13,14] and
lipids [15,16]. The majority of applications, however, have been
within the structural biology ﬁeld as TWIMS-MS has clear advan-
tages over other established techniques within this area. Proteins
that exhibit too much conformational ﬂexibility or that are too large
to study by established techniques such as X-ray and NMR  respec-
tively, can still be amenable to analysis by means of TWIM-MS. In
addition, TWIM-MS  can be used to separate and study co-existing
populations present in solution [17] in contrast to the majority
of other biophysical techniques that can only provide informa-
tion regarding the population average. TWIM-MS  has been used
to probe the conformation of soluble proteins and proteins bound
to various ligands [18–22], protein complexes [23–26], proteins
involved in misfolding and aggregation [18,27,28] intact viruses,
[29,30], and membrane proteins [31,32]. In conjunction with CID,
TWIM-MS  has also been used to probe the structural stability of
such molecules [20,33,34].
For a large number of the applications mentioned, there is no
requirement to convert arrival time distributions (ATDs) to CCS in
order to answer the biological question studied. Obtaining a CCS,
however, is essential in cases where the CCSs are used as a way
of ﬁltering computer generated models [35–37]. Classical IM-MS
instrumentation uses a drift cell mobility separation device. While
the physical principles behind drift cell IM-MS  are well understood
and can be used to obtain a CCS for each ion studied [38], the same
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s not true for the T-Wave-based device. Despite initial attempts to
haracterise the T-Wave device, [39] the ion motion in the device is
till not fully understood and cannot be used to derive CCSs directly
rom the arrival time (td) data, however, a number of protocols have
een developed which allow the calibration of the T-Wave against
tandards of known cross section [13,22,25,40]. A number of such
tandards are available in the form of peptides [41], proteins [41],
rotein complexes [42,43] and drug-like molecules [44].
Despite the advances in both TWIM-MS  instrumentation devel-
pment and the growing applications, advances in the software to
rocess such data has been limited. The only software currently
vailable is Driftscope (Waters Corp.) which involves extensive
anual user interaction. A user has to identify the peaks in the
ass spectrum, which can be challenging especially when deal-
ng with spectra containing more than one components such as
eterogeneous protein complexes, then use these to reconstruct
he corresponding ATD. From this distribution the drift time(s) of
aximum intensity are extracted for further analysis. This manual
ntervention can be labour intensive and can also introduce errors
n the analysis. While programs to process intact protein and pro-
ein complex MS  data [45–48] are appearing in the literature, there
s still no program for the automatic processing of TWIM-MS  data.
In this work we present a novel software for the processing of
WIMS-MS data. The software automates the deconvolution of the
S  data and automatically extracts ATDs from the raw data ﬁles. It
lso allows for the facile creation of a calibration that can then be
pplied to entire data sets automatically. The software can be used
o create CCS vs. m/z heat maps that can be overlaid between dif-
erent experimental conditions, something that allows for a more
n-depth probing of the structural changes taking place between
ifferent conditions. Having a program do these analyses allows
or the standardisation of the data processing, making the entire
rocess more objective and reproducible between different practi-
ioners. A number of different uses of the program, with a particular
ocus, on commonly encountered structural biology applications
re illustrated using model proteins.
. Materials and methods
.1. Sample sources and preparation procedures
cytochrome c from equine heart, myoglobin from equine
eart, alcohol dehydrogenase (ADH) from Saccharomyces cere-
isiae, bovine serum albumin (BSA), and concanavalin A from
anavalia ensiformis were purchased from Sigma Aldrich (St. Louis,
O). Serum amyloid P component (SAP) from human serum was
urchased from CalBioChem, Merck Biosciences Ltd. (Darmstadt,
ermany). For native experiments, protein samples were buffer
xchanged into 250 mM ammonium acetate, and concentrated
o 20 M using Amicon Ultra 0.5 ml  centrifugal ﬁlters (Millipore
K Ltd, Watford, UK). For denaturing experiments, protein sam-
les were buffer exchanged into a 49:49:2 (v:v:v) ratio of H2O:
ethanol: acetic acid, and concentrated to 20 M using Amicon
ltra 0.5 ml  centrifugal ﬁlters.
.2. TWIMS-MS
Mass spectrometry experiments were carried out on a ﬁrst
eneration Synapt HDMS (Waters Corp., Manchester, UK) mass
pectrometer [7]. The instrument was mass calibrated using a
3 M solution of Cesium Iodide in 250 mM  ammonium acetate.
.5 l aliquots of samples were delivered to the mass spectrome-
er by means of nanoESI using gold-coated capillaries, prepared in
ouse [49]. Typical instrumental parameters were as follows unless
therwise speciﬁed: source pressure 5.5 mbar, capillary voltageass Spectrometry 345– 347 (2013) 54– 62 55
1.10 kV, cone voltage 40 V, trap energy 8 V, transfer energy 6 V,
bias voltage 15 V. IMS  pressure 5.18 × 10−1 mbar, IMS  wave velocity
250 m/s, IMS  wave height 6 V, and trap pressure 4.07 × 10−2 mbar.
2.3. Experimental procedures
cytochrome c was analysed with a bias voltage of 30 V, with
denatured myoglobin being used as a calibrant for obtaining CCS.
For the heating experiment ADH was  incubated at 60 ◦C for 30 min
in a heat block. The sample was removed from the heat block and
immediately introduced to the mass spectrometer. Instrumental
parameters were optimised as follows: source pressure 4.50 mbar,
cone voltage 60 V, trap energy 15 V, transfer energy 12 V, and IMS
wave height 7 V. BSA and concanavalin A were used as CCS cal-
ibrants. For the collision unfolding experiment the native fold of
cytochrome c was  disrupted by increasing the bias voltage by 10 V
at a time, from 10 V, until reaching 80 V. Instrumental parameters
were optimised as follows: source pressure 3.55 mbar, cone voltage
30 V, and IMS  wave height 7 V. Denatured myoglobin and ADH were
used as CCS calibrants. For the mixing experiment, ADH, BSA, and
concanavalin A were mixed in an equimolar ratio, and the instru-
mental parameters were optimised as follows: trap energy 60 V,
transfer energy 30 V, bias voltage 22 V. IMS wave height 7 V. SAP,
BSA, and concanavalin A were used as CCS calibrants.
2.4. Software development
During a TWIM-MS  experiment ion arrival time distributions
(ATDs) are recorded by synchronizing the oa-TOF acquisition with
the gated release of a packet of ions from the trap T-Wave. For each
packet of ions 200 mass spectra are acquired at a rate dependent
on the pusher frequency.
Amphitrite handles the data in the form of a n × 200 matrix
(where n is the number of m/z bin increments), with individual
vectors to describe the associated axes. This matrix can be used to
generate the full mass spectrum of all arrival times by summing
down to a n-length vector. Additional manipulations can be car-
ried out by selecting sections of the matrix by index, for example
the arrival times of a particular ion could be extracted by supply-
ing the lower and upper m/z limits, and then summing along the
m/z axis. The manipulations of this matrix forms the basis of the
functionality of the program.
The software was  developed using the Python programming
language [50]. Several Python modules were utilised for data anal-
ysis NumPy, SciPy [51] and Matplotlib [52], and the graphical user
interface was  developed using wxPython [53]. The initial conver-
sion of a raw TWIM-MS  ﬁle to an Amphitrite project ﬁle can only
be run under Microsoft Windows, however, all other aspects of
Amphitrite are cross platform compatible and installer binaries
for Linux and Mac  OS X systems are available on the website
http://www.homepages.ucl.ac.uk/∼ucbtkth/amphitrite.html. The
software was developed on a 3.4 GHz quad-core processor machine
with 16 GB memory running Ubuntu 12.04. Processing times
quoted are for a 2011 MacBook Air with a 1.7 GHz dual-core pro-
cessor and 4 GB memory.
3. Results and discussion
Until now, Driftscope (Waters Corp.) has been the sole program
used to display and manipulate raw TWIM-MS  data. The intro-
duction of Amphitrite facilitates increased customisability of plots
as well as the automation of previously labour-intensive, subjec-
tive and hence non-reproducible tasks. Using standard proteins we
describe various examples of how the program can be used.
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Fig. 1. Different stages in extracting arrival time distribution plots of serum amyloid
P  (pentamer). The user selects peaks of the charge state series in panel E (numbers are
unique peak identiﬁers), the mass is calculated and the theoretical charge states are
then plotted over the spectrum (panel D), with the subsequent simulated spectrum
plotted in panel C. Panel B shows a mass mobility plot, and using the simulated
spectrum each charge state can be identiﬁed and the ATDs extracted. The ATDs
have been displayed as overlaid ATD distributions for each charge state as shown in6 G.N. Sivalingam et al. / International Journ
.1. Mass spectrum simulation
Programs capable of automatic and semi-automatic analysis of
ass spectrometry data of proteins and protein complexes are
ecoming increasingly available [45–48]. Amphitrite also includes
n algorithm for the deconvolution of mass spectra, as ﬁtting peaks
o the mass spectrum is the ﬁrst process in the automatic extrac-
ion of corresponding ATDs to these peaks. A Gaussian model (Eq.
1)) is used to represent the distribution of peak heights of the
on peaks within a charge state distribution of a given molecular
pecies, and this is used as a constraint in mass spectral simulations.
he individual peaks, corresponding to a speciﬁc charge state, can
e modelled as Gaussian (Eq. (1)), Lorentzian (Eq. (2)) or a hybrid
eak shape which consists of Gaussian and Lorentzian regions (Eq.
3)) where A is the amplitude,  is the mean, and  is the full width
alf maximum (FWHM) of the peak.
 (x) = Ae−(x−)
2/2
(
/2
√
2 ln 2
)2
(1)
 (x) = A 1
[1 + (( − x)/(/2))2]
(2)
 (x) =
⎧⎪⎨
⎪⎩
Ae−(x−)
2/2(/2
√
2 ln 2)2 : x ≤ 
A
1
[1 + (( − x)/(/2))2]
: x > 
(3)
Throughout the examples presented here the hybrid peak shape
as used and the model used to generate a complete charge state
eries is described in Eq. 4. z0 and zn represent the lowest and
ighest charge state in the series, Az, z and z represent the ampli-
ude, mean and FWHM parameters for the charge state distribution
aussian respectively and H+ is the mass of a proton. Additionally
he mass has been denoted as “mass” to distinguish mass/zi from
ass-to-charge ratio (m/z).
 (x) =
zn∑
zi=z0
Aze
−
((
(mass/zi) + H+
)
− z
)2
2 ·
(
z/2
√
2 ln 2
)2
·
⎧⎪⎪⎨
⎪⎪⎩
e
−
(x − )2
2 · (/2
√
2 ln 2)2 : x ≤ 
1
[1 + ((x − )/(/2))2]
:  x > 
(4)
After minimal user input the program can simulate a mass spec-
rum as shown in Fig. 1C with a computational processing time
f under 2 s. To assess the quality of the ﬁt an error statistic is
alculated by summing the absolute error of all data points and
veraging per m/z unit. In the case of Fig. 1C the error was  0.47%
of base peak intensity) per m/z. There are two ways in which one
an specify the input required. If the mass of the components in
he spectrum is known, it can be manually entered, along with the
harge state range over which to simulate that particular mass e.g.,
22 to +27 (Fig. 1D). More than one mass can be entered, and after
his the program uses a least squares optimisation to minimise the
ifference between the simulated and experimental data. If, how-
ver, the mass of the components in the spectrum is unknown, the
rogram aids the user in this process. The program uses a gradi-
nt method to automatically identify peaks (where f′(m/z) = 0 and
′′(m/z) < 0) in the mass spectrum which are then given arbitrary
nique numerical identiﬁers as shown in Fig. 1E.
The user then selects peaks corresponding to sequential charge
tate peaks of a particular species. The mass of the species is cal-
ulated using the m/z values of the peak tops. The theoretical m/z
alues for charge states are calculated (default 1+to 100+) and are
isplayed as vertical markers along with the calculated mass and
rror (Fig. 1D). Both of these features help to ensure that peakspanel A.
were correctly identiﬁed, as incorrect peak picking would result
in misaligned theoretical charge states and large mass errors. The
user then supplies the charge range to simulate, based on charge
state ion peak intensities. After this process has been completed
for each species, the program can ﬁt simulated data to the supplied
spectrum using least squares optimisation with the result shown in
Fig. 1C. If the user then notices that a species was missed, it can be
added to the simulation by following the steps described above. The
data simulation algorithm can identify and deconvolve overlapping
peaks and peak shoulders (see examples in Fig. 4C). An additional
beneﬁt of this feature is that it allows one to estimate the inte-
grals of individual species with small mass differences, which can
G.N. Sivalingam et al. / International Journal of Mass Spectrometry 345– 347 (2013) 54– 62 57
Fig. 2. Creation of a CCS calibration using denatured myoglobin. Amphitrite automatically selects charge states (panel A), which correspond to published CCS [41]. From the
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Celected peaks, the ATDs are extracted and plotted in panel B, and the peak tops ar
s  then calculated and plotted. Poor ﬁts can be recalculated by manually adjusting
escribed in [13].
rovide a more accurate measure of the peak intensity for overlap-
ing peaks.
.2. ATD extraction
Standard m/z against arrival time (td) plots like those displayed
y Drifscope can be drawn by Amphitrite (Fig. 1B) and a key
mprovement is the resolution of these images. In Amphitrite the
ser can determine the space between each data point in the m/z
pace i.e., how wide a particular m/z bin is. For the ﬁgures shown
ere a spacing of 2 m/z units was used.
Extracting ATDs across all charge states of a given spectrum has
ow been streamlined as the ﬁtting procedure previously described
etermines the FWHM and peak centre of each of the peaks in the
ass spectrum, and uses this information to automatically extract
he corresponding ATD for each charge state, with the results
hown in Fig. 1A.
In experiments where multiple spectra are obtained of the same
rotein under different conditions, the ATDs corresponding to a
ingle charge state can be extracted for all the ﬁles in a similar
anner as exempliﬁed in Fig. 7.
.3. Calibration
Protocols to convert TWIM-MS  arrival times to CCS have been
escribed previously [13,22,25,40], and Amphitrite automates this
rocedure, thereby reducing subjectivity that can be introduced
uring the ATD extraction and subsequent td peak selection.In Fig. 2, the process of creating a calibration is shown. From
 user input perspective, the program is given the calibrant raw
ata ﬁle and the name of that calibrant, in this case myoglobin.
reating a calibration with more than one calibrant protein is alsomatically picked and displayed. A calibration curve, using a power ﬁt to the data,
eak tops selected in the previous stage. The calibration procedure used has been
possible. It then automatically selects the charge states (vertical
bands in Fig. 2A) that have corresponding published CCSs [41,42].
Low abundance charge state peaks can be deselected and ignored
in order to improve the ﬁt. The program automatically takes the
highest intensity td to use in the calibration and produces the output
shown in Fig. 2C. The calibration procedure used to create this ﬁgure
has been published previously [13], however, alternative proce-
dures [42] can also be calculated using Amphitrite. Outliers can be
addressed by specifying alternate peak tops (which are also auto-
matically detected), by speciﬁcally providing the td as input, or by
removing it from the calibration.
3.4. Applying a calibration
The ability to read the raw data ﬁles has allowed a more ﬁne
grained approach to applying a calibration to TWIM-MS  data. Since
the program can identify the peaks present in the MS  dimension
and calculate the corresponding charge state for each peak, a cal-
ibration can be applied to each m/z “slice” rather than only to a
speciﬁc td. Here we  refer to a m/z “slice” as part of the matrix that
holds the extracted raw data such that M[i − j][1 − 200], where i is
the lowest m/z and j is the highest m/z describing a peak in the MS.
The calibration calculation depends on the m/z, z and td of a data
point. Instead of extracting a peak and applying an overall calibra-
tion, the program recalculates the calibration for each m/z  value in
the dataset, which could increase the precision of the CCS values
determined, as peaks with larger amounts of adduction would have
the additional mass corrected for.In Fig. 3A an archetypal IM-MS  experiment result is shown, CCS
vs. charge state for denatured cytochrome c. This is a common way
found in the literature to present IM-MS  data, however, a lot of
the original information in the data is lost. Where more than one
58 G.N. Sivalingam et al. / International Journal of Mass Spectrometry 345– 347 (2013) 54– 62
Fig. 3. Charge state collision cross section plots of cytochrome c. A calibration similar
to  that shown in Fig. 2 was applied to the td data to generate the CCS data. A dot in
panel A represents each peak top in the td for that particular charge state. The same
data  are shown in panel B as a heat map  with peak intensity being represented
by  the colour intensity and the CCS of peak tops shown as a white dash. Panel C
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Fig. 4. IM-MS  analysis of a mixture of BSA, concanavalin A and alcohol dehydroge-
nase. The mass spectrum was deconvoluted into its component parts (panel C), with
the raw arrival time distribution shown in panel B. Using the deconvolution data and
CCS calibration (like that shown in Fig. 2), the raw arrival times can be separated
and converted into CCS vs. m/z information for each molecular component (panelhows these data normalised by individual peak volume. (For interpretation of the
eferences to colour in this ﬁgure legend, the reader is referred to the web  version
f  this article.)
onformation exists for a given charge state, such as for the +8
harge state shown in Fig. 3, there is no way of deducing the rela-
ive intensities of the different conformations. It is also not possible
o infer the width of each conformation in the CCS direction. Bio-
ogically, this can be very informative as an increase in the width
f a CCS distribution can indicate increased conformational ﬂexi-
ility [27,32] and as shown recently can, in certain cases, also limit
he observed ATD resolution of higher resolving instruments [37].
omparing two proteins by overlaying ﬁgures like those shown
n Fig. 3A can miss important conformational changes as the peak
CS can remain the same, while the width of each CCS can change
etween two conditions [27]. The ﬁgures generated by Amphitrite
Fig. 3B and C) also provide information regarding the width of the
S peak (in the x-axis direction) that was used to reconstruct the
TDs. The program displays the CCS dimension peak tops, as shown
n Fig. 3A, and these are calculated automatically (where f′()  = 0
nd f′′() < 0).Features of low abundance can be visualised by using a different
ethod of normalising the peak intensities. In Fig. 3B the colour
s normalised to the intensity of the base peak in the mass spec-
rum, i.e., to the maximum intensity in the entire matrix holdingA).  The colouring is consistent between panel A and C (concanavalin A monomer –
red, dimer – blue, tetramer – purple, BSA monomer – green, dimer – brown, ADH
tetramer – magenta).
the data, so that one can see that the +7 charge state is the most
intense peak in the mass spectrum. In Fig. 3C the intensity of each
charge state is normalised to the total intensity for that m/z  “slice”.
This allows for less abundant features to be visualised by increas-
ing the dynamic range display for each charge state and for the
conformational ﬂexibility and adduction to be readily assessed.3.5. Complex mixture analysis
By combining the deconvolution and advanced calibration fea-
tures of Amphitrite, full mass spectrum CCS plots can be produced
G.N. Sivalingam et al. / International Journal of Mass Spectrometry 345– 347 (2013) 54– 62 59
Fig. 5. Spectral averaging. Panel A, shows the variation for the same sample measured using different capillary needles. Each individual spectrum has been overlaid and
c y mor
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aoloured differently. A peak at approximately 5150 m/z  has been enlarged to portra
pectra in panel A is plotted in panel C. The same enlarged peak in panel B is again
ight  blue lines and the mean plotted in black. (For interpretation of the references 
asily (see Fig. 4). To test the performance of Amphitrite when deal-
ng with complex mixtures an equimolar mixture of bovine serum
lbumin, concanavalin A, and alcohol dehydrogenase was prepared.
As seen in Fig. 4 the program successfully deconvolutes the spec-
rum by identifying and calculating the mass and the charge state
istribution parameters for all species. Additionally the individual
ig. 6. Comparison of heating experiments of alcohol dehydrogenase at 20 ◦C and 60 ◦C. 
nd  B show the distribution of collision cross sections for 20 ◦C and 60 ◦C respectively. A d
nd  B have been subtracted from one another.e clearly the variation between each experiment (panel B). The average of the three
n in panel D, with the minimum and the maximum of the three spectra plotted as
ur in this ﬁgure legend, the reader is referred to the web version of this article.)
ion peak widths are determined (Fig. 4C). A typical td vs. m/z plot
is shown in Fig. 4B and when observed in isolation does not eas-
ily allow one to identify the number of species present. Using the
parameters determined in Fig. 4C, a calibration like the one shown
in Fig. 2 can be applied, transforming the td vs. m/z  plot into a CCS
vs. m/z plot (Fig. 4A). This conversion into absolute cross section
Data at each temperature was replicated and averaged as shown in Fig. 5. Panel A
ifference plot is shown in panel C, where overlapping CCS distributions in panel A
60 G.N. Sivalingam et al. / International Journal of Mass Spectrometry 345– 347 (2013) 54– 62
Fig. 7. Collision induced unfolding of the 6+charge state of cytochrome c. The CCS distribution of the 6+charge state is shown in panel A as the collision energy is increased
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from  10 V to 80 V at 10 V increments. Intensities for panel A have been normalised t
ach  voltage increment is shown in panel B. The relative intensity of each peak top 
eparates out the individual species and results in a plot which can
e more readily analysed.
.6. Spectral averaging
Collecting multiple mass spectra can help reduce the error and
ariation caused by certain factors such as needle-to-needle vari-
tion and needle positioning. Fig. 5A and B shows the effect of
btaining three mass spectra of the same sample using the same
nstrumental conditions but with three different needles. From
he analysis of mass spectra of samples under different conditions
e.g., temperature), peak intensities and areas can offer information
dditional to the mass of the ions.
By comparing the areas of different oligomeric species under
iffering conditions (e.g., temperature), the formation or disap-
earance of oligomers in response to conditions of interest can be
nferred. It is advantageous to be able to average technical replicates
nd compare those between conditions in order to assess whether
hanges are due to differing conditions rather than technical vari-
bility.
Using the program one can average spectra in the mass spec-
rum, td and CCS space. Fig. 5D shows the band between minimum
nd maximum intensities for a peak, with the average in the cen-
re. The program can also be set to display the error range in terms
f standard deviation, quartile ranges and percentage errors. Peak
reas and heights can be automatically extracted to be used in
urther analyses.total ion intensity for each three dimensional peak. The corresponding CCS plot for
ﬁed from the CCS plots is also monitored as the bias voltage is increased (panel C).
3.7. Comparing different conditions
Spectral averaging was  performed on the heating experiments
used in Fig. 6. IM-MS  can be used to monitor the effect on confor-
mation of a discreet stressor such as heating [18]. To demonstrate
this we  acquired a spectrum of ADH at room temperature (20 ◦C),
and after heating at 60 ◦C for 30 min. For each condition three tech-
nical replicates were acquired. In addition to the CCS vs. m/z  plot
of the sample at 20 ◦C (Fig. 6A) and 60 ◦C (Fig. 6B), a difference plot
can also be drawn. This is shown in Fig. 6C, with the colours match-
ing those used in Fig. 6A and B. In this ﬁgure the 20 ◦C and 60 ◦C
spectra have been normalised to the volume within the plot, as
this helps to make the comparison more representative. The data
show that the process of heating ADH causes it to adopt a more
open conformation as demonstrated by the increase in CCS.
3.8. Collision-induced unfolding
A unique and very informative IM-MS  experiment is gas-phase,
collision-induced unfolding which can be achieved by accelerating
ions into the gas ﬁlled region, prior to their entry into the T-Wave
mobility cell (Fig. 7). This experiment can probe the unfolding of
protein ions by monitoring changes in ATDs/CCSs upon increas-
ing collision energies [24,33,34,54]. This experiment can be used
to probe a number of experimental conditions and their effect on
protein conformation/stability, however, it can generate a large
number of data ﬁles as each time the collision energy is changed,
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 different raw data ﬁle is recorded. This is where the processing
f such datasets greatly beneﬁts from the automation offered by
mphitrite.
Fig. 7 shows the results of the collision induced unfolding for the
6 charge state of cytochrome c. Data were recorded at eight dif-
erent collision energies. The program uses the data ﬁle which was
cquired at the lowest collision energy to identify and perform a ﬁt
in order to calculate a FWHM for that peak) to the mass spectrum
s previously described in the materials and methods section. Alter-
atively, mass ranges can also be entered manually. The m/z range is
hen used to automatically extract ATDs from all ﬁles in the dataset.
f a CCS calibration is provided at this stage, all ATDs are converted
o CCS values. The reduced amplitude for the peaks seen for 10
nd 20 V are due to the peak broadening effects of bound adducts
hich lessens as the collision energy is increased. This highlights
he beneﬁt of the new plot (Fig. 7A); changes in both the m/z and the
TD/CCS dimensions can be visualised simultaneously providing a
eans of globally monitoring ion structural changes during colli-
ion induced unfolding experiments. Finally, the program can track
he peak intensities of given CCS or td values as shown in Fig. 7C.
. Conclusions
Amphitrite substantially enhances the processing of TWIM-MS
ata, making the process automated and less prone to user sub-
ectivity. It also allows for a more detailed analysis of the data
cquired and the facile comparison of entire TWIM-MS  datasets
etween different experimental conditions. A number of common
pplications in structural mass spectrometry were presented; we
re however, planning future releases of the software which will
nable application in other ﬁelds. Such an example would be to
ombine the functionality found in Amphitrite with available soft-
are that expedites the annotation of tandem mass spectrometry
MS/MS) data from synthetic polymers [55], to beneﬁt researchers
orking in the ﬁeld of polymer structure characterisation. Another
rea that we  expect Amphitrite to have a large impact is in the
rocessing of TWIM-MS  data obtained as part of large scale pro-
eomics experiments, as recently TWIM-MS  separation has been
oupled to liquid chromatography separation and a data indepen-
ent mode of acquisition (MSE) [56]. It has been previously shown
hat in a mass-mobility plot classes of molecules such as phospho-
eptides, lipids, carbohydrates and nucleotides populate different
egions of such a plot [57] and Amphitrite will allow for the auto-
atic classiﬁcation of such compound classes.
cknowledgements
We would like to thank Keith Richardson (Waters Corp. Man-
hester) for providing us with help in accessing the raw TWIM-MS
ata ﬁle and Adam Cryar for helpful discussions regarding the
anuscript. This work was supported by an Institute of Structural
nd Molecular Biology startup grant to K.T., MRC studentships to
.N.S., H.S., and a Wellcome Trust studentship to J.Y. K.T. would like
o thank Jim and Keith for introducing him to the wonderful world
f mass spectrometry.
eferences
[1] M.F. Jarrold, Peptides and proteins in the vapor phase, Annual Review of Phys-
ical Chemistry 51 (2000) 179–207.
[2] C.S. Hoaglund-Hyzer, A.E. Counterman, D.E. Clemmer, Anhydrous protein ions,
Chemical Reviews 99 (1999) 3037–3080.[3] G. von Helden, T. Wyttenbach, M.T. Bowers, Conformation of macromolecules
in  the gas phase: use of matrix-assisted laser desorption methods in ion chro-
matography, Science 267 (1995) 1483–1485.
[4] A.B. Kanu, P. Dwivedi, M.  Tam, L. Matz, H.H. Hill, Ion mobility-mass spectrom-
etry,  Journal of Mass Spectrometry: JMS  43 (2008) 1–22.
[
[ass Spectrometry 345– 347 (2013) 54– 62 61
[5] K. Thalassinos, S. Slade, K. Jennings, J. Scrivens, K. Giles, J. Wildgoose, J. Hoyes, R.
Bateman, M.  Bowers, Ion mobility mass spectrometry of proteins in a modiﬁed
commercial mass spectrometer, International Journal of Mass Spectrometry
236  (2004) 55–63.
[6] K. Giles, S.D. Pringle, K.R. Worthington, D. Little, J.L. Wildgoose, R.H. Bate-
man, Applications of a travelling wave-based radio-frequency-only stacked
ring ion guide, Rapid Communications in Mass Spectrometry: RCM 18 (2004)
2401–2414.
[7]  S.D. Pringle, K. Giles, J.L. Wildgoose, J.P. Williams, S.E. Slade, K. Thalassinos, R.H.
Bateman, M.T. Bowers, J.H. Scrivens, An investigation of the mobility separation
of  some peptide and protein ions using a new hybrid quadrupole/travelling
wave IMS/oa-ToF instrument, International Journal of Mass Spectrometry 261
(2007) 1–12.
[8] K. Giles, J.P. Williams, I. Campuzano, Enhancements in travelling wave ion
mobility resolution, Rapid Communications in Mass Spectrometry: RCM 25
(2011) 1559–1566.
[9] C.A. Scarff, J.R. Snelling, M.M.  Knust, C.L. Wilkins, J.H. Scrivens, New struc-
tural insights into mechanically interlocked polymers revealed by ion mobility
mass spectrometry, Journal of the American Chemical Society 134 (22) (2012)
9193–9198.
10] G.R. Hilton, A.T. Jackson, K. Thalassinos, J.H. Scrivens, Structural analysis of syn-
thetic polymer mixtures using ion mobility and tandem mass spectrometry,
Analytical Chemistry 80 (2008) 9720–9725.
11] X. Li, Y.-T. Chan, G.R. Newkome, C. Wesdemiotis, Gradient tandem mass
spectrometry interfaced with ion mobility separation for the characteriza-
tion of supramolecular architectures, Analytical Chemistry 83 (2011) 1284–
1290.
12] D.J. Harvey, F. Sobott, M.  Crispin, A. Wrobel, C. Bonomelli, S. Vasiljevic, C.N. Scan-
lan, C.A. Scarff, K. Thalassinos, J.H. Scrivens, Ion mobility mass spectrometry for
extracting spectra of N-glycans directly from incubation mixtures following
glycan release: application to glycans from engineered glycoforms of intact,
folded HIV gp120, Journal of the American Society for Mass Spectrometry 22
(2011) 568–581.
13] K. Thalassinos, M.  Grabenauer, S.E. Slade, G.R. Hilton, M.T. Bowers, J.H. Scrivens,
Characterization of phosphorylated peptides using traveling wave-based and
drift cell ion mobility mass spectrometry, Analytical Chemistry 81 (2009)
248–254.
14] J.P. Williams, K. Giles, B.N. Green, J.H. Scrivens, R.H. Bateman, Ion mobility
augments the utility of mass spectrometry in the identiﬁcation of human
hemoglobin variants, Rapid Communications in Mass Spectrometry: RCM 22
(2008) 3179–3186.
15] W.B. Ridenour, M.  Kliman, J.A. McLean, R.M. Caprioli, Structural charac-
terization of phospholipids and peptides directly from tissue sections by
MALDI traveling-wave ion mobility-mass spectrometry, Analytical Chemistry
82 (2010) 1881–1889.
16] H.I. Kim, H. Kim, E.S. Pang, E.K. Ryu, L.W. Beegle, J.A. Loo, W.A. Goddard, I.
Kanik, Structural characterization of unsaturated phosphatidylcholines using
traveling wave ion mobility spectrometry, Analytical Chemistry 81 (2009)
8289–8297.
17] D.P. Smith, K. Giles, R.H. Bateman, S.E. Radford, A.E. Ashcroft, Monitoring
copopulated conformational states during protein folding events using electro-
spray ionization-ion mobility spectrometry-mass spectrometry, JAM 18 (2007)
2180–2190.
18] M.P. Nyon, L. Segu, L.D. Cabrita, G.R. Lévy, J. Kirkpatrick, B.D. Roussel, A.O.M.
Patschull, T.E. Barrett, U.I. Ekeowa, R. Kerr, C.A. Waudby, N. Kalsheker, M. Hill, K.
Thalassinos, D.A. Lomas, J. Christodoulou, B. Gooptu, Structural dynamics asso-
ciated with intermediate formation in an archetypal conformational disease,
Structure (London, England: 1993) 20 (2012) 504–512.
19] T. Wyttenbach, M.  Grabenauer, K. Thalassinos, J.H. Scrivens, M.T. Bowers, The
effect of calcium ions and peptide ligands on the relative stabilities of the
calmodulin dumbbell and compact structures, The Journal of Physical Chem-
istry: B 114 (2010) 437–447.
20] M.R. Schenauer, J.A. Leary, An ion mobility-mass spectrometry investigation of
monocyte chemoattractant protein-1, International Journal of Mass Spectrom-
etry 287 (2009) 70–76.
21] C.A. Scarff, V.J. Patel, K. Thalassinos, J.H. Scrivens, Probing hemoglobin structure
by  means of traveling-wave ion mobility mass spectrometry, Journal of the
American Society for Mass Spectrometry 20 (2009) 625–631.
22] C.A. Scarff, K. Thalassinos, G.R. Hilton, J.H. Scrivens, Travelling wave ion mobil-
ity  mass spectrometry studies of protein structure: biological signiﬁcance and
comparison with X-ray crystallography and nuclear magnetic resonance spec-
troscopy measurements, Rapid Communications in Mass Spectrometry: RCM
22  (2008) 3297–3304.
23] J. Freeke, M.  Bush, C. Robinson, Gas-phase protein assemblies: unfolding
landscapes and preserving native-like structures using noncovalent adducts,
Chemical Physics Letters 524 (2012) 1–9.
24] J. Freeke, C.V. Robinson, B.T. Ruotolo, Residual counter ions can stabilise a large
protein complex in the gas phase, International Journal of Mass Spectrometry
298  (2010) 91–98.
25] B.T. Ruotolo, J.L.P. Benesch, A.M. Sandercock, S.-J. Hyung, C.V. Robinson, Ion
mobility-mass spectrometry analysis of large protein complexes, Nature Pro-
tocols 3 (2008) 1139–1152.
26] B.T. Ruotolo, Evidence for macromolecular protein rings in the absence of bulk
water, Science 310 (2005) 1658–1661.
27] G.R. Hilton, K. Thalassinos, M.  Grabenauer, N. Sanghera, S.E. Slade, T. Wytten-
bach, P.J. Robinson, T.J.T. Pinheiro, M.T. Bowers, J.H. Scrivens, Structural analysis
6 al of M
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
try:  using size and shape to understand real-world systems at the molecular2 G.N. Sivalingam et al. / International Journ
of  prion proteins by means of drift cell and traveling wave ion mobility mass
spectrometry, Journal of the American Society for Mass Spectrometry 21 (2010)
845–854.
28] D. Smith, S. Radford, A.E. Ashcroft, Elongated oligomers in 2-microglobulin
amyloid assembly revealed by ion mobility spectrometry-mass spectrometry,
Proceedings of the National Academy of Sciences of the United States of America
107 (2010) 6794.
29] C. Uetrecht, I.M. Barbu, G.K. Shoemaker, E. van Duijn, A.J.R. Heck, Interrogating
viral capsid assembly with ion mobility-mass spectrometry, Nature Chemistry
3  (2011) 126–132.
30] T.W. Knapman, V.L. Morton, N.J. Stonehouse, P.G. Stockley, A.E. Ashcroft,
Determining the topology of virus assembly intermediates using ion mobility
spectrometry-mass spectrometry, Rapid Communications in Mass Spectrom-
etry: RCM 24 (2010) 3033–3042.
31] S.C. Wang, A. Politis, N. Di Bartolo, V.N. Bavro, S.J. Tucker, P.J. Booth, N.P.
Barrera, C.V. Robinson, Ion mobility mass spectrometry of two tetrameric
membrane protein complexes reveals compact structures and differences in
stability and packing, Journal of the American Chemical Society 132 (2010)
15468–15470.
32] M.  Zhou, N. Morgner, N.P. Barrera, A. Politis, S.C. Isaacson, D. Matak-Vinkovic, T.
Murata, R.A. Bernal, D. Stock, C.V. Robinson, Mass spectrometry of intact V-type
ATPases reveals bound lipids and the effects of nucleotide binding, Science 334
(2011) 380–385.
33] J.T.S. Hopper, N.J. Oldham, Collision induced unfolding of protein ions in the
gas phase studied by ion mobility-mass spectrometry: the effect of ligand
binding on conformational stability, Journal of the American Society for Mass
Spectrometry 20 (2009) 1851–1858.
34] J.A. Leary, M.R. Schenauer, R. Stefanescu, A. Andaya, B.T. Ruotolo, C.V. Robin-
son, K. Thalassinos, J.H. Scrivens, M.  Sokabe, J.W.B. Hershey, Methodology
for measuring conformation of solvent-disrupted protein subunits using
T-WAVE ion mobility MS:  an investigation into eukaryotic initiation fac-
tors, Journal of the American Society for Mass Spectrometry 20 (2009)
1699–1706.
35] A. Politis, A.Y. Park, S.-J. Hyung, D. Barsky, B.T. Ruotolo, C.V. Robinson, Integrat-
ing ion mobility mass spectrometry with molecular modelling to determine
the  architecture of multiprotein complexes, PLoS ONE 5 (2010) e12080.
36]  M.R. Ni nonuevo, J.A. Leary, Ion mobility mass spectrometry coupled with rapid
protein threading predictor structure prediction and collision-induced dissoci-
ation for probing chemokine conformation and stability, Analytical Chemistry
(2012), 120316130633000.
37] Y. Zhong, S.-J. Hyung, B.T. Ruotolo, Characterizing the resolution and accuracy
of  a second-generation traveling-wave ion mobility separator for biomolecular
ions, Analyst 136 (2011) 3534–3541.
38] E.A. Mason, E. McDaniel, Transport Properties of Ions in Gases, Wiley, New York,
1988.
39] A.A. Shvartsburg, R.D. Smith, Fundamentals of traveling wave ion mobility
spectrometry, Analytical Chemistry 80 (2008) 9689–9699.
40] D.P. Smith, T.W. Knapman, I. Campuzano, R.W. Malham, J.T. Berryman, S.E.
Radford, A.E. Ashcroft, Deciphering drift time measurements from travelling
wave ion mobility spectrometry-mass spectrometry studies, European Journal
of  Mass Spectrometry 15 (2009) 113–130.
41] D.E. Clemmer, Clemmer Protein Database – http://www.indiana.edu/
clemmer/Research/cross%20section%20database/cs%20database.htm (2012).
[ass Spectrometry 345– 347 (2013) 54– 62
42] M.F. Bush, Z. Hall, K. Giles, J. Hoyes, C.V. Robinson, B.T. Ruotolo, Collision cross
sections of proteins and their complexes: a calibration framework and database
for  gas-phase structural biology, Analytical Chemistry 82 (2010) 9557–9565.
43] R. Salbo, M.F. Bush, H. Naver, I. Campuzano, C.V. Robinson, I. Pettersson, T.J.D.
Jørgensen, K.F. Haselmann, Traveling-wave ion mobility mass spectrometry
of  protein complexes: accurate calibrated collision cross-sections of human
insulin oligomers, Rapid Communications in Mass Spectrometry: RCM 26
(2012) 1181–1193.
44] I. Campuzano, M.F. Bush, C.V. Robinson, C. Beaumont, K. Richardson, H. Kim, H.I.
Kim, Structural characterization of drug-like compounds by ion mobility mass
spectrometry: comparison of theoretical and experimentally derived nitrogen
collision cross sections, Analytical Chemistry 83 (2011) 8596–8603.
45] B. van Breukelen, A. Barendregt, A.J.R. Heck, R.H.H. van den Heuvel, Resolving
stoichiometries and oligomeric states of glutamate synthase protein complexes
with curve ﬁtting and simulation of electrospray mass spectra, Rapid Commu-
nications in Mass Spectrometry: RCM 20 (2006) 2490–2496.
46] N. Morgner, C.V. Robinson, Massign: an assignment strategy for maximizing
information from the mass spectra of heterogeneous protein assemblies, Ana-
lytical Chemistry 84 (2012) 2939–2948.
47] F. Stengel, A.J. Baldwin, M.F. Bush, G.R. Hilton, H. Lioe, E. Basha, N. Jaya, E. Vier-
ling,  J.L.P. Benesch, Dissecting heterogeneous molecular chaperone complexes
using a mass spectrum deconvolution approach, Chemistry & Biology 19 (2012)
599–607.
48] Y.-H. Tseng, C. Uetrecht, A.J.R. Heck, W.-P. Peng, Interpreting the charge state
assignment in electrospray mass spectra of bioparticles, Analytical Chemistry
83 (2011) 1960–1968.
49] H. Hernandez, C.V. Robinson, Determining the stoichiometry and interactions
of  macromolecular assemblies from mass spectrometry, Nature Protocols 2
(2007) 715–726.
50] G. Van Rossum, Van Rossum: Python Reference Manual. Python Software. . . –
Google Scholar, 2006.
51] T. Oliphant, Python for scientiﬁc computing, Computing in Science & Engineer-
ing 9 (2007) 10–20.
52] J. Hunter, Matplotlib: a 2D graphics environment, Computing in Science &
Engineering 9 (3) (2007) 90–95.
53] H. Talbot, wxPython, a GUI Toolkit, Linux Journal, 2000.
54] S.-J. Hyung, C.V. Robinson, B.T. Ruotolo, Gas-phase unfolding and disassembly
reveals stability differences in ligand-bound multiprotein complexes, Chem-
istry  & Biology 16 (2009) 382–390.
55] K. Thalassinos, A.T. Jackson, J.P. Williams, G.R. Hilton, S.E. Slade, J.H. Scrivens,
Novel software for the assignment of peaks from tandem mass spectrome-
try  spectra of synthetic polymers, Journal of the American Society for Mass
Spectrometry 18 (2007) 1324–1331.
56] E. Rodríguez-Suárez, C, Hughes, L. Gethings, K. Giles, J. Wildgoose, M.  Stapels,
K.E. Fadgen, S.J. Geromanos, J.P. Vissers, F. Elortza, J.I. Langridge, An ion mobility
assisted data independent LC–MS strategy for the analysis of complex biological
samples, Current Analytical Chemistry, Special Issue. Ion mobility spectrome-level, HT-SBJ-CAC-0005 (2012).
57] J.A. McLean, The mass-mobility correlation redux: the conformational land-
scape of anhydrous biomolecules, Journal of the American Society for Mass
Spectrometry 20 (2009) 1775–1781.
